ACTIVATION OF THE RENIN-ANGIOTENSIN system (RAS) is associated with glomerular and tubular cell injury in chronic kidney diseases, including diabetic nephropathy. Within kidney cells, the octapeptide product of the RAS, angiotensin II (ANG II), stimulates a variety of signaling pathways linked to increased cell growth, activation of NADPH oxidase, and production of extracellular matrix proteins, via binding to its AT 1 receptor. In mesangial cells, binding of ANG II to AT 1 receptors stimulates protein synthesis and cell hypertrophy, via release of arachidonic acid and reactive oxygen species, and activation of Akt/PKB and the mitogen-activated protein kinase (MAPK) extracellular-signal-regulated kinases 1 and 2 (ERK1/ERK2) (10 -12) . In mesangial cells, ANG II also stimulates the production of the profibrotic cytokine transforming growth factor-␤1 (TGF-␤1), which is thought to be a critical mediator of progressive glomerulosclerosis (19) .
Angiotensin-converting enzyme 2 (ACE2) was cloned in 2000 and found to be a homolog of ACE, which is not blocked by ACE inhibitors (6, 35) . ACE2 is a monocarboxypeptidase that is highly expressed in the kidney and mediates the degradation of ANG II to the heptapeptide angiotensin-(1-7) [Ang- (1) (2) (3) (4) (5) (6) (7) ]. ACE2 can also convert ANG I to angiotensin-(1-9), which can be metabolized to Ang-(1-7) by ACE (6) . Male mice with gene deletion of ACE2 develop glomerulosclerosis at 12 mo of age, associated with glomerular MAPK activation (24) . These effects are blocked by AT 1 receptor antagonism (24) , suggesting that the renoprotective effects of ACE2 are mediated by a reduction in glomerular ANG II and decreased AT 1 receptor activation. Treatment of db/db diabetic mice with an inhibitor of ACE2 causes increased albuminuria and glomerular histological injury (38) . Similarly, in ACE2 geneknockout mice that are diabetic, accelerated glomerular injury occurs, and this is reversed by AT 1 receptor antagonism (37) . Although these data suggest a prominent role for reduction in AT 1 receptor activity in mediating the protective effects of ACE2, the possible independent effects of ACE2-mediated production of Ang-(1-7) have not been studied.
In several tissues, Ang-(1-7) exerts vasodilatory and antiproliferative properties, opposing the effects of ANG II (3, 27) . Ang-(1-7) binds to a distinct plasma membrane G proteincoupled receptor, identified as the Mas protein (28) . Impaired cardiac function and enhanced cardiac collagen production occur in receptor Mas-knockout mice, consistent with a cardioprotective role for Ang-(1-7) (29) . However, the signaling pathways associated with Ang-(1-7) receptor activation are incompletely characterized. In proximal tubular cells, we have shown that Ang-(1-7) blocks ANG II-stimulated activation of the MAPKs p38, ERK1/ERK2, and c-jun Nterminal kinase (JNK), an effect reversed by a specific Ang-(1-7) antagonist (32) .
The purpose of the present studies was to examine the effects of Ang-(1-7) on cell signaling and growth responses in mesangial cells. We predicted that, as in proximal tubule, Ang-(1-7) would inhibit MAPK activation associated with AT 1 receptor stimulation, via binding to its distinct receptor. Our results, however, indicate that Ang-(1-7) rapidly activates MAPKs in these cells, associated with stimulation of phospholipase A 2 (PLA 2 ) and release of arachidonic acid. Moreover, exposure of cells to Ang-(1-7) for 72 h stimulates DNA synthesis, as well as production of TGF-␤1 and the extracellular matrix proteins fibronectin and collagen IV.
MATERIALS AND METHODS
Cell culture. A human mesangial cell line (ScienCell Research Laboratories, Carlsbad, CA) was used for all studies. The cells were grown on plastic tissue culture dishes at 37°C in a humidified environment of 5% CO 2-95% air in mesangial cell medium supplied by the manufacturer. The mesangial cell medium contained 2% fetal bovine serum, 1% penicillin/streptomycin solution, and a cell growth supplement supplied by the manufacturer, consisting of essential and nonessential amino acids, vitamins, organic and inorganic compounds, hormones, growth factors, and trace minerals. The medium is bicarbonate-buffered and kept at pH 7.4. Cells were used for experiments at passages 2-7. Cells were rendered quiescent 24 h before experimentation by removal of serum and growth factor additives.
Western blotting. Western blotting was performed as we have previously described (32) . Briefly, after stimulation cells were lysed in a buffer consisting of 62.5 mM Tris ⅐ HCl (pH 6.8), 2% wt/vol SDS, 10% glycerol, 50 mM DTT, and 0.01% wt/vol bromophenol blue. The lysate was then sonicated for 5 s and boiled for 5 min, followed by centrifugation at 12,000 g for 5 min to remove insoluble debris. After quantification of proteins, equal amounts of protein lysates (10 g) were run on 10% SDS-polyacrylamide gels and transferred to nitrocellulose membranes (Bio-Rad Laboratories, Mississauga, ON, Canada). The membranes were blocked with 5% skim milk in Tris-buffered saline (pH 7.6) containing 0.1% Tween 20 (TBS-T) for 1 h at room temperature. The membranes were then incubated for 16 h at 4°C with a 1:1,000 dilution of anti-phosphospecific antibodies to p38 MAPK (Cell Signaling Technology, New England Biolabs, Pickering, ON, Canada), ERK1/ERK2 (Cell Signaling Technology), and JNK (Cell Signaling Technology). The p38 antibody recognizes the ␣-, ␤-, ␥-, and ␦-isoforms of p38, as per the manufacturer. In some experiments, the primary antibody was a rabbit polyclonal antibody to the receptor Mas, reactive to the human protein (Novus Biologicals, Littleton, CO). In other experiments, cells were incubated with Ang-(1-7) for up to 72 h, followed by immunoblotting for fibronectin on samples of the conditioned media. For these experiments, membranes were incubated for 16 h at 4°C with a 1:5,000 dilution of rabbit anti-human fibronectin antibody (Santa Cruz Biotechnology, Santa Cruz, CA). After incubation with primary antibodies, membranes were incubated with 1:2,000 dilution of horseradish peroxidase-conjugated secondary antibody (GE Health Care Bio-Sciences, Baie d'Urfe, Quebec, Canada) and then washed. Proteins were detected by enhanced chemiluminescence (ECL; GE Health Care Bio-Sciences) on Hyperfilm (GE Health Care Bio-Science). Prestained standards were used as molecular weight markers (Bio-Rad). To control for protein loading, all membranes were stripped and reprobed with antibodies to total p38, ERK1/ERK2, and JNK MAPKs (Cell Signaling Technology). Signals for phosphorylated MAPK proteins on Western blots were quantified by densitometry and corrected for total protein levels, using an image-analysis software program (Kodak Densitometer 1S440CF).
[ TGF-␤1 ELISA. Cells were incubated for 72 h with agonists, and aliquots of the culture media were collected. TGF-␤1 was activated by treating the media with 1 N HCl for 10 min at room temperature, followed by neutralization with 1.2 N NaOH/0.5 M HEPES. The levels of TGF-␤1 were determined by a quantitative sandwich enzyme immunoassay using a commercial TGF-␤1 ELISA kit, according to the manufacturer's instructions (R&D Systems, TWC Biosearch International, Hong Kong, China). Results are reported as picograms TGF-␤1 per milliliter per microgram protein.
Collagen IV ELISA. After incubation of mesangial cells for 72 h in the presence or absence of Ang-(1-7) or other agonists, collagen IV was measured in the cell culture supernatant, using a commercial ELISA kit (Chemicon, Temecula, CA). Results are reported as picograms collagen IV per milliliter per microgram protein.
Measurement of DNA synthesis. DNA synthesis was measured by [ 3 H]thymidine incorporation, as we have previously performed (40) . Human mesangial cells were seeded onto 24-well culture plates and at 50 -60% confluence were changed to media containing no serum, with or without Ang-(1-7) (10 Ϫ7 M), A-779 (10 Ϫ6 M), losartan (10 Ϫ6 M), or PD123319 (10 Ϫ6 M) for 70 h, followed by labeling for 2 h with 0.5 Ci/ml of 3 [H]thymidine (Amersham). The cells were then washed four times with ice-cold PBS plus 0.5% BSA and lysed in 0.25 N NaOH with 0.1% SDS. DNA-incorporated thymidine was counted by scintillation spectrometry. All experiments were performed in duplicate.
Measurement of cAMP. Quiescent mesangial cells were incubated in medium supplemented with isobutyl-methylxanthine (IBMX; 10 Ϫ4 M) and 0.5% BSA, along with agonists for 30 min. The culture medium was then aspirated and replaced with ice-cold 10% TCA (vol/vol). After 30 min, the samples were extracted four times with four volumes of water-saturated ether. The pH of the samples was adjusted to 7.0 with Tris ⅐ HCl. Sample aliquots were assayed for cAMP, using a radioligand competitive binding assay kit (GE Health Care Bio-Sciences). Experiments were performed in duplicate.
Measurement of cytosolic calcium. For measurement of cytosolic calcium concentration, cells were grown on glass coverslips and incubated with 5 M fura 2-acetoxymethyl ester (fura 2-AM) in the presence of 0.005% Pluronic-F127 for 60 min at 37°C, as per our previous studies (40) . Cells were then mounted in a Stallion highspeed digital workstation microscope (Carl Zeiss Canada, Toronto, ON, Canada) and continuously perfused at 37°C with a solution consisting of (in mM) 105 NaCl, 24 NaHCO 3, 2 Na2HPO4, 5 KCl, 1.0 MgSO4, 1.5 CaCl2, 4 lactic acid, 5 glucose, 1 alanine, and 10 HEPES (pH 7.3) as well as 0.2% BSA, with or without agonists. Fluorescence was measured from dual monochromators, set at 340 and 380 nm, and cytosolic calcium was recorded continuously by photon counting, as the fluorescence emission intensity ratio from 340-and 380-nm excitation (Slidebook Software for Stallion, version 4.1, Intelligent Imaging Innovations, Denver, CO).
Statistical analysis. Results are presented as means Ϯ SE. Significance, considered as P Ͻ 0.05, was determined by ANOVA, with Bonferroni correction, in all cases involving multiple comparisons.
RESULTS

Human mesangial cells express the receptor Mas and specific binding for Ang-(1-7).
Initial experiments were performed to determine whether human mesangial cells express protein for Mas, identified as the receptor for Ang-(1-7) (28) . Immunoblot assay revealed a single protein band of ϳ37 kDa, confirming expression of the receptor Mas in these cells (Fig. 1A) . As shown in specific binding was observed with Ang-(1-7) (10 Ϫ7 M), compared with 10 Ϫ6 M Ang-(1-7) (65 vs. 70%, respectively, n ϭ 2). These studies confirm the presence of a specific binding site for Ang-(1-7) on these cells, which is distinct from AT 1 or AT 2 ANG II receptors.
Effect of Ang-(1-7) on cAMP and cytosolic calcium. Ang-(1-7) increases cAMP production in inner medullary collecting duct cells (17) . In human mesangial cells, Ang-(1-7) (10 Ϫ7 M) had no effect on cAMP levels, whereas the activators of adenylate cyclase forskolin and cicaprost, used as positive controls, caused significant increases (not shown). In rat mesangial cells, Ang-(1-7) has been reported to inhibit intracellu- . P values are indicated; n ϭ 5. For A and B, results are presented as the ratio of phosphorylated p38 to total p38 in arbitrary units. Representative blots are depicted above each graph, showing phosphorylated p38 (pp38) and total p38 (p38). lar calcium increases induced by ANG II (5). In human mesangial cells, ANG II (10 Ϫ7 M) caused a significant increase in cytosolic calcium, which was inhibited by losartan, but not by PD123319 (not shown). In contrast, Ang-(1-7) (10 Ϫ7 M) had no effect on basal calcium levels, nor did it affect increases in intracellular calcium caused by ANG II (not shown).
Effect of Ang-(1-7) on MAPK phosphorylation. Immunoblot analysis was performed to determine the effect of Ang-(1-7) on phosphorylation of p38, ERK1/ERK2 (p44, p42), and JNK (p54, p46) MAPK. Ang-(1-7) caused a concentration-dependent stimulation of phosphorylation of all MAPKs, with maximal stimulation at 10 Ϫ7 M (Fig. 2) . Stimulation of MAPK phosphorylation occurred early, with the maximal effect after 5-min incubation with Ang-(1-7) (Fig. 3) .
To determine whether the stimulatory effects of Ang-(1-7) on MAPK phosphorylation involved binding to the receptor Mas, cells were preincubated with the Ang-(1-7) antagonist A-779 (10 Ϫ5 M) before 5-min exposure to Ang-(1-7) (10 Ϫ7 M). As shown in Fig. 4A , A-779 significantly inhibited Ang-(1-7)-stimulated p38 MAPK phosphorylation but had no effect alone on p38 phosphorylation. Furthermore, neither the AT 1 receptor antagonist losartan nor the AT 2 antagonist PD123319 inhibited p38 phosphorylation induced by Ang-(1-7) (Fig. 4B) . Neither losartan (10 Ϫ5 M) nor PD123319 (10 Ϫ5 M) had any inhibitory effect on stimulation of phosphorylation of ERK1/ ERK2 or JNK by Ang-(1-7) (not shown). Ang-(1-7)-stimulated phosphorylation of ERK1/ERK2 and JNK was also blocked by preincubation with A-779 (Fig. 5) .
In proximal tubular cells, Ang-(1-7) blocks ANG II-stimulated p38 MAPK phosphorylation (32) . In human mesangial cells, administration of ANG II (10 Ϫ7 M) for 5 min stimulated p38 MAPK, an effect blocked by losartan, but not by PD123319 (Fig. 6A) . The degree of stimulation of p38 MAPK phosphorylation by ANG II was similar to that observed with Ang- (1-7) at the equivalent concentration. However, Ang-(1-7) had no inhibitory effect on stimulation of p38 MAPK by ANG II, indeed causing a small increase in phosphorylation in the presence of ANG II (Fig. 6B) (20, 36) . Exposure of human mesangial cells for 60 min to media containing high glucose (25 mM) increased p38 MAPK phosphorylation compared with cells in normal glucose (5 mM), with L-glucose added to control for osmolality. Preincubation with Ang-(1-7) had no inhibitory effect on high glucose-stimulated phosphorylation of p38 MAPK (Fig. 6C) .
Arachidonic acid release. In vascular smooth muscle cells, Ang-(1-7) stimulates the release of arachidonic acid (23) . Similarly, in human mesangial cells loaded with [ 3 H]arachidonic acid, Ang-(1-7) (10 Ϫ7 M) caused a significant release of arachidonic acid, an effect that was blocked by A-779 (Fig. 7) . The inhibitor of PLA 2 , MAFP (50 M), also completely blocked Ang-(1-7)-stimulated arachidonic acid release [control: 1.77 Ϯ 0.26 vs. Ang-(1-7) (10 Ϫ7 M): 2.49 Ϯ 0.18 vs. Ang-(1-7)ϩMAFP: 1.79 Ϯ 0.28% release; P Ͻ 0.04, control or MAFPϩAng-(1-7) vs. Ang-(1-7); n ϭ 4]. In contrast, neither losartan nor PD123319 had any effect on Ang-(1-7)-stimulated release of arachidonic acid (not shown).
To determine whether activation of MAPKs by Ang-(1-7) in mesangial cells plays a role in stimulation of PLA 2 , cells were loaded with [ 3 H]arachidonic acid and then exposed to Ang-(1-7) in the presence or absence of inhibitors of p38, ERK1/ ERK2, or JNK. As shown in Fig. 8 , the p38 MAPK antagonist SB202190 (10 Ϫ5 M) completely inhibited Ang-(1-7)-stimu- . P values are indicated; n ϭ 6. C: graph depicts effects of Ang-(1-7) (10 Ϫ7 M) in normal glucose (NG; 5 mM) or high glucose (HG; 25 mM for 60 min). P values are indicated; n ϭ 6. To control for the possible effects of osmolality in these experiments, incubations in NG were supplemented with L-glucose (20 mM) . For all graphs, results are presented as the ratio of phosphorylated p38 to total p38, in arbitrary units. Representative blot is depicted above each graph, showing phosphorylated p38 (pp38) and total p38 (p38). lated arachidonic acid release, whereas inhibitors of ERK1/ ERK2 (PD98059, 10 Ϫ5 M) or JNK (SP600125, 10 Ϫ5 M) had no effect. In separate experiments, the Ang-(1-7)-stimulated phosphorylation of p38, ERK1/ERK2, and JNK MAPK was blocked by preincubation of cells with their respective inhibitors SB202190 (10 Ϫ5 M), PD98059 (10 Ϫ5 M), and SP600125 (10 Ϫ5 M) (n ϭ 3-4, not shown).
Effect of Ang-(1-7) on TGF-␤1
, fibronectin, and collagen IV production. ANG II stimulates production of TGF-␤1 and extracellular matrix proteins in mesangial cells (19) . In human mesangial cells, exposure to Ang-(1-7) (10 Ϫ7 M) for 72 h caused a significant increase in production of TGF-␤1, which was blocked by preincubation with A-779 (Fig. 9A) . Moreover, preincubation of cells with the p38 MAPK antagonist SB202190 completely inhibited Ang-(1-7)-stimulated TGF-␤1 production (Fig. 9B) . In contrast, the ERK1/ERK2 antagonist PD98059 and the JNK antagonist SP600125 did not significantly affect Ang-(1-7)-stimulated TGF-␤1 production (not shown).
Similarly, incubation of mesangial cells for 72 h with Ang-(1-7) (10 Ϫ7 M) caused a significant stimulation of fibronectin and collagen IV production, and these effects were inhibited by A-779 and by preincubation with the p38 MAPK antagonist SB202190 (Figs. 10 and 11, respectively) . However, the ERK1/ERK2 antagonist PD98059 and the JNK antagonist SP600125 did not significantly affect Ang-(1-7)-stimulated production of either fibronectin or collagen IV (not shown).
Effect of Ang-(1-7) on DNA synthesis in mesangial cells. Activation of MAPK has been associated with stimulation of cell growth responses, including cell mitosis. In cells incubated with Ang-(1-7) (10 Ϫ7 M) for 72 h, a significant stimulation of [ 3 H]thymidine incorporation was observed, which was blocked by preincubation with A-779. In contrast, neither losartan nor PD123319 had any significant effect on Ang-(1-7)-stimulated DNA synthesis (Table 1) . In these cells, ANG II (10 Ϫ7 M) caused a significant increase in [ 3 H]thymidine incorporation (158.0 Ϯ 15.0% of control) that was completely inhibited by losartan (10 Ϫ6 M) (96.4 Ϯ 15.6% of control, n ϭ 3). Fig. 9 . Effect of Ang-(1-7) on production of TGF-␤1 in human mesangial cells. Cells were incubated with Ang-(1-7) (10 Ϫ7 M) for 72 h, followed by assay of TGF-␤1 in the cell supernatant, as described in MATERIALS AND METHODS. A: graph depicts effect of Ang-(1-7), with or without A-779, on TGF-␤1 production. P values are indicated. P Ͻ 0.001 for Ang-(1-7) vs. A-779; n ϭ 10. B: graph depicts effect of Ang-(1-7), with or without the p38 MAPK inhibitor SB202190 (10 Ϫ5 M), on TGF-␤1 production. P values are indicated. P Ͻ 0.001 for Ang- (1-7) vs. SB 202190; n ϭ 8. 
DISCUSSION
The heptapeptide Ang-(1-7) is formed via cleavage of ANG II or ANG I and has been reported to be an endogenous vasodilator that counteracts many of the actions of ANG II. By contrast, the major new finding in the current study is that Ang-(1-7) stimulates cell growth responses classically associated with ANG II signaling in human mesangial cells, including phosphorylation of MAPK, activation of PLA 2 , enhanced DNA synthesis, and production of TGF-␤1 and extracellular matrix proteins. These responses are mediated via binding of Ang-(1-7) to sites distinct from AT 1 or AT 2 receptors in these cells. Furthermore, our data indicate a signaling cascade that involves upstream activation of p38 MAPK, linked to downstream activation of PLA 2 , and production of TGF-␤1, fibronectin, and collagen IV.
Our data support the existence of a specific G proteincoupled receptor for Ang-(1-7) in human mesangial cells. This is in agreement with the studies of Santos and colleagues, who have identified the Mas protooncogene as a likely candidate for the Ang-(1-7) receptor (28) . In the current studies, we demonstrated the presence of the Mas protein, and we also showed that binding of [
125 I]Ang-(1-7) was inhibited by Ang- (1-7) and its antagonist A-779, but not by the AT 1 receptor antagonist losartan or the AT 2 antagonist PD123319. Similarly, stimulation of MAPK phosphorylation, PLA 2 activation, and DNA synthesis by Ang-(1-7) were completely blocked by A-779, but were not affected by losartan or PD123319. In this regard, in some tissues Ang-(1-7) has been shown to interact with the AT 1 receptor (4, 8, 9) . In rat heart in vivo, for example, Ang-(1-7) stimulates the phosphorylation of Janus kinase 2 and insulin receptor substrate-1, an effect blocked by losartan (8) . In rat glomeruli, specific binding of radiolabeled ANG II is displaced by both losartan and by nanomolar concentrations of Ang-(1-7), suggesting that Ang-(1-7) has affinity for ANG II AT 1 receptors (9). In the rat, Ang-(1-7) potentiates the decreases in blood pressure induced by bradykinin in vivo, an -(1-7) , while A-779 had no inhibitory effect. In contrast, our data suggest that the stimulatory effects of Ang-(1-7) on MAPK phosphorylation, PLA 2 activation, and DNA synthesis in mesangial cells may be due to binding to the receptor Mas, and do not involve interaction with AT 1 or AT 2 receptors.
In glomerular mesangial cells, ANG II signaling pathways have been well characterized and include inhibition of adenylate cyclase and suppression of cAMP levels (7), stimulation of cytosolic calcium increases (5), activation of MAPKs, arachidonic acid release, and generation of reactive oxygen species (10 -12) . In the present studies in human mesangial cells, ANG II induced expected responses, including stimulation of calcium influx, phosphorylation of p38 and ERK1/ERK2 MAPK, and [
3 H]thymidine incorporation, all via the AT 1 receptor. Few studies have addressed the signaling of Ang-(1-7) in glomerular cells. In rat mesangial cells, Chansel et al. (5) demonstrated that Ang-(1-7) inhibited calcium transients induced by ANG II. We observed no effect of Ang-(1-7) on basal or ANG II-stimulated calcium increases in human mesangial cells, although we used concentrations of Ang-(1-7) that were up to 10-fold lower than in the studies in rat mesangial cells. Similarly, Ang-(1-7) had no effect on cAMP levels, suggesting that the mesangial cell receptor Mas is not linked to inhibitory G proteins. In contrast, in rat inner medullary collecting duct cell suspensions, Ang-(1-7) has been shown to stimulate cAMP levels and to consequently increase water permeability (22) .
An unexpected finding in the present studies was the stimulation of all three MAPKs by Ang-(1-7) and the failure of Ang-(1-7) to inhibit ANG II-or high glucose-stimulated phosphorylation of p38. This contrasts to our previous studies in proximal tubular cells, where Ang-(1-7) potently inhibited ANG II-mediated phosphorylation of p38, ERK1/ERK2, and JNK and partly blocked ANG II-stimulated production of TGF-␤1 (32) . In vascular smooth muscle cells and cardiac myocytes, Ang-(1-7) inhibits ANG II-stimulated ERK1/ ERK2 via the receptor Mas, associated with reduction in cell protein synthesis (33, 34, 39) . Thus, the view has emerged that Ang-(1-7) may protect against ANG II-induced vascular injury, hypertension, or cardiac pathology via antagonism of AT 1 -mediated signaling events (3, 27) . In this regard, it is of interest that in human aortic endothelial cells Ang-(1-7) stimulated Akt phosphorylation, associated with activation of endothelial nitric oxide (NO) synthase and production of NO (26) . Since NO has been shown to inhibit MAPK activation induced by stretch in mesangial cells (17) , further studies are required to determine whether Ang-(1-7)-stimulates Akt and NO release in these cells, which might modulate stimulatory effects on MAPK.
Ang-(1-7) stimulated the release of arachidonic acid in mesangial cells, an effect that was blocked by an inhibitor of PLA 2 . Moreover, inhibition of p38 MAPK reversed the stimulatory effect of Ang-(1-7) on arachidonic acid release, whereas inhibitors of the other two MAPKs had no effect. These data suggest that p38 MAPK activation is necessary for subsequent stimulation of PLA 2 . Release of arachidonic acid by Ang-(1-7) has been demonstrated in other cell types, including vascular smooth muscle cells, and proximal tubular cells (1, 23) . In rat mesangial cells, activation of cPLA 2 and arachidonic acid release induced by hydrogen peroxide and PDGF is partly blocked by inhibitors of ERK or p38 MAPK, suggesting that activation of MAPKs is upstream of PLA 2 activation, as observed in the current study (16) . On the other hand, Gorin et al. (12) have shown that ANG II-induced ERK1/ERK2 activation is blocked by PLA 2 inhibition in rat mesangial cells, indicating that PLA 2 could be regulated downstream of MAPKs.
A novel finding in the current studies is the demonstration that in mesangial cells, Ang-(1-7) stimulates production of the cytokine TGF-␤1, as well as synthesis of the extracellular matrix proteins fibronectin and collagen IV, mimicking the effects of ANG II. These effects are inhibited by the antagonist A-779 and are dependent on upstream activation of p38 MAPK, since they are blocked by the p38 inhibitor SB202190, but not by inhibitors of ERK1/ERK2 or JNK. Furthermore, Ang-(1-7) stimulates DNA synthesis in mesangial cells, independently of interaction with AT 1 or AT 2 receptors. These effects appear to contradict the growth-inhibitory properties of Ang-(1-7) reported in other tissues, particularly the vasculature and the heart. Thus Ang-(1-7) has been shown to reduce collagen synthesis in cardiac fibroblasts (18) , and in a rat DOCA-salt model of hypertension, Ang-(1-7) prevented cardiac and perivascular fibrosis (14) and protected against cardiac myocyte hypertrophy and interstitial fibrosis in pressure overload (15) . Vascular neointimal proliferation after balloon injury is also prevented by Ang-(1-7) (21). On the other hand, Ang-(1-7) has been reported to stimulate the proliferation of blood progenitor cells (25) . The long-term effects of Ang-(1-7) on kidney cell growth and glomerular function remain unclear. In this regard, the glomerulus contains other cell types, including endothelial cells and podocytes, and these cells may respond differently to Ang-(1-7). In rats with streptozotocininduced diabetes, Benter et al. (2) have reported that chronic Ang-(1-7) treatment attenuated proteinuria and restored vascular reactivity. In contrast, Shao et al. (30) recently showed that chronic administration of Ang-(1-7) caused an increase in kidney TGF-␤1 mRNA and protein, associated with increased proteinuria and renal injury in streptozotocin-diabetic rats.
In summary, these studies demonstrate that in human mesangial cells, Ang-(1-7) stimulates phosphorylation of all three MAPKs, via binding to the specific Ang-(1-7) receptor. Phosphorylation of p38 MAPK leads to arachidonic acid release and downstream production of TGF-␤1, fibronectin and collagen IV. Ang-(1-7) also stimulates mesangial cell DNA synthesis. To determine the impact of these responses on glomerular injury in pathophysiological states, further studies are required to investigate the effects of Ang-(1-7) on other cell types within the glomerulus.
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